Introduction
MicroRNAs (miRNAs) are highly conserved, small, non-coding RNAs that play a vital role in development, cell proliferation, differentiation, apoptosis, and metabolism. They function by binding to the 3 ′ U T R o f m u l t i p l e t a r g e t m R N A s . I n m a m m a l s , miRNAs guide proteins of the Argonaut e f a m i l y t o partially-complementary sequences typically located i n t h e 3 ′ U T R o f s p e c i f i c t a r g e t m R N A s , l e a d i n g t o translational repression or mRNA degradation [1] [2] [3] .
The identification of miRNA as the causative force for chronic lymphocytic leukemia opened a new avenue in the field of oncogenesis. A variety of cancers, including colon, central nervous system, melanoma, prostate and breast were all found to be influenced by the dysregulation of miRNAs. miR-137 is located at the region on chromosome 1p22 where loss is associated with increased melanoma risk [4] . With the identification of miRNAs as important regulators of gene express i o n , w e h ypothesized miR-137 may regulate target expression associated with melanoma risk.
Previously miR-1 3 7 w a s s h o w n t o t a r g e t t h e 3′UTR of the key regulator of melanogenesis and melanoma development, micropthalmia-associated transcription factor (MITF) [5] . CtBP1 is another predicted tar g e t o f m i R -137. CtBP1 was identified as a transcriptional co-repressor of several tumor suppressors [6] . CtBP1 has been shown to suppress the transcription of tumor suppressors such as E-cadherin in multiple cell lines [6] . Conversely, tumor suppressors, such as HIPK2, Ink4a/Arf, and APC, target CtBP1 degradation to induce apoptosis [6] . Therefore, we studied the regulatio n o f C t B P 1 and its down-stream targets by miR-137 in melanoma cell lines.
Results
miRNAs have emerged as post-transcriptional regulators critically inv o l v e d i n t h e p a t h ogenesis of human cancers. Previously, miR-137 has been shown to target MITF [5, 7] . CtBP1 is another predicted target of miR-137 (Fig. 1a) and we found CtBP1 expression in melanoma cell lines was inversely correlated with miR-137 levels; CtBP1 expression in WM278 cells was significantly lower than in A375 cells (Fig. 1b) and its miR-137 is 4 fold higher (Fig. 1c) . Target Scan revealed t h e 3 ' U T R o f C t B P 1 c o ntains a miR-137 site at nt 710-7 1 6 ( F i g . 1 a ) , a n d t h e m i R -137 binding site in CtBP1 3'UTR is cons e r v e d f r o m h u m a n t o c h i c k e n (Fig. 1d) . Predictions of miRNA-mRNA interactions typically rely on bioinformatic algorithms, but these algorithms only suggest the possibility of miRNA binding and may falsely predict interactions. We expressed miR-137 in HEK293 cells and analyzed the mRNAs associated with Ago2 using a biochemical approach based on the functional co-c o m p l e x o f A g o 2 w i t h m i R N A a n d i t s t a r g e t mRNA [8] to gain insight into the predicted miR-137 targeting of CtBP1. qRT-PCR shows less binding of a non-target mRNA in the presenc e o r a b s e n c e o f miR-1 3 7 , b u t C t B P 1 m R N A b i n d i n g t o A g o 2 i n t h e presence of miR-137 was increased 3 fold compared to a control oligo (Fig. 2a) . (Ago2+miR137) and absence (Ago2) of miR-137, and the Ago2-complex was pulled down. Primer sets for CtBP1 and 18S (Non-target) were used to qRT-PCR-amplify the pull down samples. (b) miR-137 decreases CtBP1 3'UTR-reporter. A375 cell were transfected with luciferase constructs fused to CtBP1 3'UTR, either the wild type (WT) or the deletion of the putative miR-137 targeting site, along with control oligo (SC) or miR-137 by Lipofecatmine 2000 in suspension and were immediately transferred to 0.5 ml DMEM with FBS and incubated at 37°C for 48 h before luciferase assay. Relative luciferase expression levels were determined by normalizing with internal controls, values were expressed as ratios to the control sample. Samples were assayed in triplicate for each experiment and at least two independent experiments were performed. Data are presented as mean + SEM from a representative experiment. (c) miR-137 decreases CtBP1 expression. A375 c e l l w e r e t r a n sf e c t e d w ith t he c o n t r o l o li g o (SC ) o r miR-137 by Lipofecatmine 2000 in suspension and were immediately transferred to 0.5 ml DMEM with FBS and incubated at 37°C for 48 h before western blotting. Tubulin was used as a loading control. (d) miR-137 down-regulates E-cadherin and Bax genes. A375 cell were transfected with the control oligo or miR-137 and incubated at 37°C for 48 h before qRT-PCR for the mRNA levels of E-cadherin and Bax.
T o a s s e s s t h e c o n t r i b u t i o n o f t h e p r e d i c t e d
miR-137 binding site, we constructed luciferase-reporter genes with the CtBP1 3'UTR with and without deletion at the miR-137 binding region and tested their expression with miR-137 addition. Consistent with binding data, miR-137 transfection repressed luciferase expression when CtBP1 3'UTR was fused to the luciferase reporter (Fig. 2b) . Supporting t h e r o l e o f t h e p u t a t i v e m i R -137 targeting site on CtBP1, miR-137 transfection did not decrease luciferase exp re ss i on w hen f us ed w it h C t B P1 3' UT R harboring the deletion (Fig 2b) . These data suggest that miR-137 down-regulates CtBP1, probably through specific interaction with the putative site at CtBP1's 3'UTR, and CtBP1 is a direct target for miR-137.
To explore if miR-137 controls protein expression levels of CtBP1 in melanoma cells, we transfected melanoma cell line A375 that has relatively high CtBP1 expression with miR-137 and analyzed CtBP1 protein by western blotting. As shown in Fig. 2c , over-expression of miR-137 led to a significant dec r e a s e i n C t B P 1 p r o t e i n c o m p a r e d w i t h t h e c o n t r o l . Therefore, we conclude miR-137 plays a critical role in CtBP1 expression.
We studied the function of human miRNAs and to determine if the downstream targets of CtBP1 are affected by ectopic expression of miR-137 by performing qRT-P C R t o a s s e s s m R N A l e v e l s o f E-c a d h e r i n a n d B a x i n A 3 7 5 c e l l s t r a n s f e c t e d w i t h miR-137 or control oligo. As shown in Fig. 2d , mRNA levels of E-cadherin and Bax increased with miR-137 expression, mimicking the functional outcome of CtBP1 knockdown. This data suggests the function of miR-137 in melanoma is, at least in part, through its regulation of CtBP1.
Discussion
miRNAs are involved in m a n y d i f f e r e n t c e l l processes including cell-cycle regulation, differentiation, proliferation and apoptosis [reviewed in [9] ]. Improper expression of miRNA genes is seen in both benign and malignant cancers, and miRNA genes can act a s t um or sup p res sors or oncogene s. m i RN A expression profiles can be used to classify solid tumors [10] and previous study has shown that miRNA expression differs between melanoma cell lines [11] . The incidence of malignant melanoma is increasing at a g r e a t e r r a t e t h a n a n y o t h e r c a n c e r t y p e , t h u s i t r emains a significant public health threat. Molecular mechanisms involved in the development of melanoma are being intensely researched. Research by others found miR-137 is located at chromosome 1p22, a melanoma susceptibility hot spot. In this study, we identified CtBP1 as a novel target for miR-137. Given the critical role of CtBP1 in tumorigenesis, we hypothesize that miR-137 might function as a tumor supp r e s s o r i n m e l a n o m a b y t a r g e t i n g C t B P 1 . O u r d a t a showing regulation of CtBP1 down-stream genes such as E-cadherin and Bax by miR-137 further support this notion. Our future studies will assess if other CtBP1 t a r g e t s , s u c h a s P T E N a n d p 5 3 , a r e c o n t r o l l e d b y miR-137, thus further linking the miR-137-CtBP1 axis with melanoma development.
Numerous studies characterizing expression p r o f i l e s o f m i R N A s i n c a n c e r h a v e s h o w n down-regulation of miRNA expression in cancer cell lines compared with normal tissues [12] [13] . Furthermore, the recent identification of altered miRNA expression in a variety of cancer sites has confirmed this is another class of molecules capable of functioning as tumor suppressors or oncogenes [14] . miRNAs binding to the target gene 3′UTR is usually imperfect and therefore multiple targets have been identified for a s i n g l e m i R N A . A s m e n t i o n e d a b o v e , m i R -137 in melanoma cells also targets MITF, believed to play a significant role in melanoma-genesis [15, 16] . This mode of regulation could be used as a therapeutic strategy by manipulating the miRNA targeting multiple gene pathways for a synergistic effect.
In oral squamous carcinoma miR-137 is silenced by hypermethylation [17] . In rectal cancer miR-137 is up-regulated after preoperative capecitabine chemoradiotherapy [18] . miR-137, along with miR-124, induce differentiation of glioblastoma multiforme-derived stem cells and induce glioblastoma multiforme cell cycle arrest, which was associated with decreased expression of cyclin-dependent kinase 6 (CDK6) and phosphorylated retinoblastoma proteins [19] . In addition, the ectopic transfection of miR-137 into an oral squamous cell carcinoma significantly reduces cell growth, by down-regulation of the translation of CDK6 or E2F6 transcription factors [17] . Recently, miR-137 was shown to target CDC42 in colorectal cells, inducing cell cycle G1 arrest and inhibiting invasion [20] . T h e i d e n t i f i c a t i o n o f t h e m u lti-functional transcriptional co-repressor CtBP1 as a miR-137 target further highlights the importance of miR-137 loss/silence in various human tumors. Determining if miR-137 regulates CtBP1 and other targets in cancer patients awaits further investigation.
